Achieving an accurate steady-state averaged active power sharing between parallel inverters in islanded AC microgrids could be realized by a traditional droop control. For identical inverters having the same droop gains, it is assumed that the transient average power responses will be similar, and no circulating current will flow between the units. However, different line impedances could influence the instantaneous power significantly and thus circulating power flows among the inverters particularly during sudden disturbances such as load changes. This power, if absorbed by an inverter, will lead the DC link voltage to rise abruptly and trip the inverter, thus, degrading the performance of the whole microgrid. The problem becomes worse when hybrid generators are serving as unidirectional power source. This paper assesses the performance of hybrid generators within an islanded microgrid against the mismatch in line impedances. Two schemes to stabilize the microgrid are proposed. In addition, a participation factor analysis is developed to select the most effective controller scheme to bound the DC link voltage and minimize the circulating power. Simulation and experimental results are presented to verify the analysis and the capability of the proposed controller.
Introduction
A microgrid is an energy system composed of loads and distributed energy resources (DER) such as distributed generators (DG) and energy storage systems (ESS) that can operate either in island or grid-connected configuration [1] . Power electronic inverters are used to integrate energy sources such as PV, wind, batteries to form an AC microgrid. Parallel operation improves redundancy, which further improves reliability.
Power sharing between parallel inverters using droop control has been extensively used and reported in the literature because it is easy, simple and inherently responsive when connected in parallel with synchronous generators [2]- [4] . In addition, it only uses local measurements without the need for high speed communications. To maintain good stability margins for the system, the droop control loops have to be designed with lower bandwidth than that of the inner voltage and current regulation loops. This requires using small droop gains and/or using slow power measurement low pass filters [5] - [6] . Droop gains are chosen to give satisfactory transient power response and acceptable steady state deviation in voltage and frequency. It is capable of achieving accurate steady state averaged active power sharing between parallel inverters despite of any mismatch in the inverter's output impedances and line impedances. However, it does not guarantee equitable sharing of transient power. Large mismatch in line impedance results in large differences in transient power circulation between the inverters. This energy can be absorbed by a DC/DC converter if the energy source is a battery, for example, to maintain a regulated DC link voltage. However, in case of unidirectional source as fuel cell or micro-gas turbine, the circulating power can't be absorbed or ceased causing unstable DC link response [7] . Many controllers have been proposed in the literature to improve the averaged transient power responses of paralleled inverters. Guerrero et al. [8] introduced power derivativeintegral terms into the conventional droop control to improve the dynamic response and to minimize the circulating currents between the paralleled inverters. Avelar et al. [6] proposed an extra phase loop to mitigate the transient response peak and to avoid overrating the unit. In [9] , a supplementary loop was proposed around the conventional droop control to stabilize the system while using high power angle droop gains. Other auxiliary loops were presented in [10] and [11] with the droop controller to increase the system's damping. Adaptive droop controllers were also proposed in [12] and [13] to improve the control performance and to provide seamless mode transfer. In [14] , an adaptive derivative term was added to the droop controller to decrease current overshoot and improve stability. Piecewise linear droop control was presented in [15] and gain-scheduled decoupling control strategies were proposed in [16] . In [17] , a central controller with low bandwidth communication is employed in order to tune the droop parameters properly under different load conditions. Although the abovementioned studies have focused on improving the transient dynamics of average power control, none has addressed the instantaneous transient power impact on the stability of the parallel inverters. Furthermore, none of these studies considered the effect of mismatched line impedances on microgrid system damping and circulated energy. In our previous study [7] , we investigated the impact of circulating power on DC link voltage under unintentional islanding case and a controller was proposed to stabilize the DC link voltage. The findings approved the significance of such studies in improving the operational reliability of the microgrids. This paper investigates the impact of mismatched line impedances on the performance of parallel inverters supplied by different energy sources and assesses the instantaneous circulating power responses against the stability of the microgrid. A small signal state space model of a microgrid consisting of three inverters is used to analyse the system. Two controller schemes based on supplementary phase and frequency loops are proposed to maintain the microgrid stability. A participation factor assessment is used to select the most effective controller scheme with the least action to bound the DC link voltage. The proposed controller has been validated by simulation and experimentally. Fig. 1 shows a microgrid system composed of three DG units supplied by different energy sources. Each DG unit has a DC/DC converter and a DC/AC inverter with a DC link capacitor in between. For a battery-based energy source, the DC link voltage is regulated by a bidirectional buck/boost DC/DC converter [18] . For fuel cells and gas micro turbinebased systems unidirectional boost DC/DC converters are used. Typically, in such a system, the gas turbine is taking the role of controlling the AC bus voltage and frequency. However, in our system, it will work as an auxiliary supply and the battery-based system will fulfill the bus control requirements. This supports the carbone emission reduction plans. Furthermore, the battery system can generate and absorb power to and from the AC bus to balance the power flow by the droop control while the auxiliary supply can only generate power. This might be advantageous when the generation is more than the load which gives the chance inherently to charge the battery if possible [19] . Also it is worth mentioning that the DC link voltage of the fuel cellbased unit could be controlled by the inverter side controller or by the DC converter controller [20] - [22] . To maintain the consistency and to simplify the modelling, the DC converter is chosen to regulate the DC link voltage knowing that this might degrade the power efficiency.
DC DC Converter

System Overview
Normally, there is no control link between the DC/DC converters and DC/AC inverters. The DC/DC converters regulate the DC link voltage against any disturbances caused by the inverter side. The inverters manage the output power and voltage to satisfy the load demand. In the next sections, the study highlights cases where the DC link voltage can't be controlled because of this isolation between the controllers of the two converters. In cascaded control systems, and as a rule of thumb, the inner voltage loop must have a bandwidth that is 3-5 times higher than that of the outer power loop to preserve the stability and tracking resolution [14] . The modelling of a microgrid adopting the droop controller is well-established in the literature [7] - [25] . The inner voltage loop is normally neglected in the modelling because its response time is much faster than the outer droop control loop. In addition, the droop control is developed based on the steady-state analysis of power flow. As a result, the dynamics of the power control loop shall be sufficiently slower than the DG voltage tracking dynamics [3] . Therefore, each inverter can be modelled by its Thevenin equivalent circuit as shown in Fig. 2 . The equivalent circuit model consists of an ideal voltage source, , and an output impedance;
; which can be calculated as in [26] and [27] . The voltage source will be controlled directly by the droop equations. The bus voltage is assumed to be well controlled. Therefore, to simplify the modelling and analysis, the considered load type in this paper is the constant impedance load model. It is a static load model where the power varies with the square of the voltage magnitude. Other load models like constant current and constant power loads can be studied in future works if needed. However, the problem happens in low load, ideally zero, cases as will be explained in the next section. Thus, the type of load is expected to have an insignificant impact on the considered problem.
Droop Control Operation
The frequency and voltage droops are described by (1) and (2), respectively as:
where , , , and are the nominal frequency, nominal voltage, frequency droop coefficient, and voltage droop coefficient, respectively. P and Q are the average measured output active and reactive powers, respectively. Average power is obtained from the instantaneous power p ins using a low pass filter as,
where is the cut-off frequency which is chosen to be much lower than the fundamental frequency to provide good filtration and frequency independence of the dynamics of the inner loops. From Fig. 2 , the instantaneous output active power is related to the power angle and given by
where are the output voltages, are the phase angles of the inverter and PCC nodes, respectively.
is the equivalent output reactance of the inverter where is neglected. By perturbing (1) we get
where
 is the equilibrium point of the phase difference around which the perturbation is performed. From (3), (5) and (6), the small signal model of the droop control loop can be represented by the block diagram of Fig. 3 . By ignoring the LPF in Fig. 3 , the transfer function that relates the output power P  to the bus frequency PCC   is given by
Two observations can be made from (7) . First, the DC gain equals 1 ⁄ which means that if the inverters have the same , they will all achieve equal steady state active power sharing. However, the transient response is determined by the pole which depends on both values of and . Consequently, equal gains will not guarantee equal transient power sharing between the inverters unless all are equal, i.e, are equal. The corresponding transient instantaneous power, if negative, causes a rise in the DC link voltage. The second observation is that the dynamic response of the droop controller is significantly affected by , which is determined by the inverter's output impedance and the line impedance between the inverter and the PCC. Thus, each inverter might have different damping depending on its location within the microgrid. It is important to take this into account when determining the droop gain , which is normally chosen to satisfy the steady state condition such as
where are the maximum and minimum allowable values of frequency and is the maximum output average active power of the inverter. In Fig. 3 , the frequency at the PCC, ∆ , is represented as a disturbance to the droop controller, which is mainly determined by the load. It is important to study the effect of varying loads on the transient power and hence on the stability of the DC link voltage. Unfortunately, the small signal model in Fig. 3 cannot be used for this study because a whole microgrid model needs to be developed in order to determine ∆ . A state space small signal model was developed by the authors in a previous work will be used for this study in the next sections.
Dynamic Analysis
The microgrid model developed in [23] will be used in this paper to assess the microgrid stability when the load changes abruptly with the existence of significant line impedance mismatch. The model was verified by detailed simulation results and also by experimental results in [24] . The model was established in the rotating DQ frame including the dynamics of the power loops, network, and loads. The state space model has the form of
where is the state space matrix. As was shown in (7), the line impedance alters the locations of the designed eigenvalues and hence the damping. Fig. 4a shows the dominant eigenvalues of the microgrid when the three inverters have 1 output inductance with negligible line impedances (see Fig. ) and varies from 5 10 to 5 10 . The eigenvalues traces are identical and the inverters will behave similarly. Fig. 4b shows the same traces but with different line inductances: 1 2 . It is clear that for the same range, the corresponding eigenvalues represent different damping ratios and the poles are shifted from their original locations. This might increase oscillation and overshoot highly. The eigenvalues when 3 10 are highlighted in both figures to show that the same droop gain produces different damping ratios of the output power responses. Increasing is desirable for achieving high sharing accuracy but it degrades the stability. Therefore, during load changes, i.e., full to zero load, the transient responses of paralleled inverters will not be identical even if equal design parameters are chosen. The highly damped inverters will respond slower to the change than the low damped inverter which will approach the steady state faster. If the new steady state values for the active power are close to zero, the power will circulate from the highly damped inverter to the lightly damped ones during the transient. This will charge the DC link capacitor and push the DC voltage to higher values which can trip the system. With the parameters in Table 1 and with the droop gains selected according to (8), a microgrid model was built in Matlab/Simulink. The active power responses and the corresponding DC link voltages are obtained when the load changed suddenly from 100% to 0%. Fig. 5 shows the responses when identical distribution lines are used, , 0. The responses are quite identical and the DC link voltages are only slightly affected. In Fig. 6 , the power responses are differently damped and some power is imported. If the DC/DC converter is bi-directional as for the battery systems, it will sink the power from the DC link capacitor. However, if the DC/DC converter is unidirectional as in the systems of fuel cell and gas micro-turbines, the DC voltage can't be bounded as shown in Fig. 6b . 
Supplementary Phase Loop Controller
To guarantee stable state responses within a microgrid during the normal operation, Fig. 7 shows two proposed control strategies. Once the DC link voltage exceeds a triggering value, , a supplementary loop is activated. This loop will affect either (a) the frequency or (b) the phase states. In this paper an investigation is carried out to choose the state which has the major influence on the DC link voltage state. This will lead to minimizing the controller effort needed to limit the DC link voltage and thus using a small controller gain, which preserves the stability margins. By analysing the first control track, (a), where the controller output signal manipulates the frequency state, the small signal output frequency from (1) is derived as:
where △ is a small signal state of the DC link voltage and derived in [7] as:
where is the DC voltage linearizing factor and the negative sign denotes a power negative flow. By ignoring the power measurement LPF and assuming that the average and instantaneous powers are equal and by substituting (11) in (10) 
Therefore, the phase state is obtained as:
Similarly, for the control track (b), the frequency and phase states are derived as:
Comparing equations (12) and (14) reveals that method (a) acts as a PI controller for the output power. This might not provide fast action against the imported power. On the other hand, method (b) acts as a PD controller. Here, the power derivative has not been implemented directly but its action has been realized by the proposed loop. It is well-known that the derivative term introduces faster response which is required to limit the imported power and the DC link voltage rise. Furthermore, compared to (15) , the additional pole at the origin in (13) adds 90 ∘ phase lag which decreases the stability margins. Based on the above discussion, method (b) is expected to perform better. Proposed controller gain 0.5 10
Participation Factor Analysis
To provide more insight into the superiority of method (b) over method (a), a participation analysis has been carried out [28] . The participation factor, in (16) , of states on an eigenvalue is a measure of the influence of the states on that eigenvalue. In contrast, the participation factor, in (17), of eigenvalues on a state is a measure of which mode mostly form the state's response.
where denotes the state, denotes the mode and denote the left and right eigenvectors. The system eigenvalues are calculated from (9) as in Table 2 where the dominant eigenvalues are bolded. 
As the aim is to control the DC link voltage state variable, we will look for the modes which have the major influence on the active power state variable because has a direct relationship with the DC link voltage. We can't calculate the participation factors for the DC link voltage state directly as the control loop is still open and the results will be zeros. Table 3 shows the participation factors of the eigenvalues on the system states. The states of interest are , . Clearly, the eigenvalues , , have the dominant effect on the power responses. Manipulating these modes during transients can reshape the active power responses and hence the DC link voltages can be bounded.
Therefore, another participation factor analysis is carried out to determine which states have the major effect on these modes. Although the frequency is not a direct state from the model, it is an output related to the power state by a scalar as in (5) . Therefore, Table 4 shows the phase and power states participation on the modes of interest as determined earlier.
The results show that the phase states have more influence (than the power states) on the modes that will shape the output power and hence the DC link voltage. This confirms the same conclusion drawn from the last section that is method (b) is superior to method (a) and it will lead to smaller controller gain needed to provide the same action.
Controller Design
After considering method (b) and by perturbing (1) and calculating the phase state variable, we obtain,
The new phase state equation is calculated as: (19) Equation (19) has been incorporated into the system state space matrix in (9) , where the ∆ ∆ are redefined, instead of the original phase state equation [23] . Fig. 8 shows the eigenvalues when the proposed controller gain changes as 1 10 2 10 . From the figure we can observe the following:
-Increasing the proposed controller gain influences the targeted eigenvalues , , which is in agreement with Table 5 . However, some other eigenvalues are also influenced such as , ,
because of the coupling between the state variables and eigenvalues, which can't be easily analysed. Also, the targeted has a negligible change as it is mainly subject to the measuring filter bandwidth. , , are not affected.
-The increment of moves the targeted eigenvalues far away to the left thus increasing the system damping. However, high frequency eigenvalues also move toward the imaginary axis and at some high gains the system will become unstable.
-The red circles denote the eigenvalues of the system when 0.5 10 , where the non-oscillatory eigenvalues are dominant. 
Simulation Results
A microgrid consisting of three inverters as shown in Fig. was simulated in Matlab/SimPowerSystem to validate the performance of the proposed control scheme. The converters and inverters are represented by the ideal source models. The simulation parameters are listed in Table 1 . The three inverters were supplying the full load of 2kW each (local load is 6kW), and at t= 1 s the load was disconnected. The power responses are shown in Fig. 9a . It is clear that the response is well-damped thanks to the proposed controller which is activated automatically when the DC voltage exceeds . It is worth comparing this with the results in Fig. 6 which is for the same system but without the controller been activated. In addition, the DC link voltages in Fig. 9b are bounded and they are below the trip level, which confirms the effectiveness of the proposed strategy. Although, the average power responses in Fig. 9a did not show any reverse flow, the instantaneous power of the Fuel cell has in fact a reverse power and that is shown in Fig. 10 . This reverse power flow caused the DC link capacitor to charge. Fig. 11 shows the averaged active power and the DC voltage responses when the proposed controller's gain is 1 10 . The system is unstable and the oscillating frequency is found to be 314 rad/ sec and this agrees with the prediction from Fig. 8 where the system becomes unstable and the oscillation frequency is 312 rad/sec. responses when 1 10 To confirm the findings of the analytical approach with regards to the superiority of method (b) over method (a), Fig.   12 shows the responses when the control loop (a) is adopted with 5 10 . The gain has been chosen to give the same ability to limit the DC link voltage as shown in Fig. 9b . It is obvious that the gain is higher than the one used in method (b), which confirms that the method (b) needs less effort to limit the DC voltage. Furthermore, the responses of power and DC link voltage are very oscillatory compared to that in Fig. 9 . 
Experimental Results
A single phase microgrid consisting of three DC/AC inverters and three DC/DC converters as shown in Fig.1 has been built in the lab. The energy sources are lead-acid battery bank and two fixed DC power sources representing unidirectional energy source. One of the DC/DC converters has been configured as a bidirectional converter to interface the battery while the others were configured as unidirectional boost converters. The control algorithms have been realized using OPAL-RT real time simulator. The parameters of the system and controllers are shown in Table 5 . Fig. 13 shows the active power responses and the DC link voltages of the three inverters when the power of each was 200W (total load was 600W). At t = 5 sec the load was disconnected. During the transients the circulating power between the inverters charged the fuel cell and micro turbine DC link capacitors. The DC voltage of the fuel cell module exceeded the trip level causing a shutdown of the inverter. The proposed controllers using methods (a) and (b) were implemented experimentally to validate the theoretical and simulation results. Both Fig. 14  and Fig. 15 show the averaged active power and the DC link voltage responses during the load changes from 200W to zero when using method (a) and method (b), respectively, for different controller gains values. Obviously, increasing the controller gain, 0.5,1,5 10 , in both methods provides faster responses and better performance in limiting the rise of the DC link voltage. However, method (b) in Fig.  15 produces a smoother and highly damped response when it is compared with method (a) in Fig. 14, which has oscillatory responses. This confirms the findings in the previous sections. The oscillatory response in Fig. 14 indicates that the dominant eigenvalues of the system are close to the imaginary axis with higher frequency. For all gain values, method (b) is superior and can provide more reliable and satisfactory responses. The size of the DC link capacitor can influence the DC link voltage transient as discussed in [7] . Therefore, larger capacitor can delay the trip action but still the proposed controller is needed to cease the circulating energy. Again, choosing high droop gain might equip the inverter with a fast response mitigating the circulating current. However, in some cases, this choice is limited because of:
 droop control loop bandwidth should be less than the inner loops,  high droop gains produce oscillations and impact the stability, and  high output power inverters require low droop gains to be within the allowable frequency variations. The proposed controller approved its performance in such cases as a supplementary loop for the traditional droop control and to avoid selecting high gains. 
Conclusion
This paper has investigated the performance of parallel inverters serving within an islanded microgrid. The study emphasized that, similar droop gains can't guarantee identical power responses during transient in all cases. If a significant line impedance mismatch is existing, the circulating transient power might by sufficient to degrade the stability. It is found that the proposed phase supplementary loop performs more effectively than the frequency loop in stabilizing the microgrid DC link voltage states. It is worth mentioning that this loop will be activated temporarily during the transient if the DC voltage exceeded a threshold. The steady state error appears just in case of zero load transition. However, it is not a big concern as once a load is connected again, it is enough to discharge this excess energy and to retain a zero error. The theoretical analysis and the performance of the proposed controller have been validated by simulation and experimental results. 
